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This paper addresses the effect of temperature on the mixed-mode interlaminar fracture toughness and
fatigue delamination growth rate of a carbon-ﬁbre/epoxy material, namely IM7/8552. Quasi-static and
fatigue characterisation tests were carried out at 50 C, 20 C, 50 C and 80 C, using asymmetric
cut-ply coupons. The experimental results show that temperature may have an accelerating or delaying
effect on delamination growth, depending on the loading regime, i.e. either quasi-static or fatigue.
Fractographic examinations were also carried out in order to assist the interpretation of the experimental
data. A semi-empirical equation is introduced to describe the experimentally observed fatigue
delamination growth rates at elevated temperatures.
 2015 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
1.1. Background
The accurate prediction of delamination damage strongly
depends on the assessment of interlaminar toughness under
quasi-static as well as fatigue loading. The wide spectrum of load-
ing proﬁles and the multi-phase nature of Fibre Reinforced Plastics
(FRPs), can give rise to complex stress ﬁelds causing delamination
in a combination of fracture modes. In practise, cases of pure open-
ing or shear mode are hardly found in composite components in
service. Therefore it is of greater practical signiﬁcance to consider
mixed-mode regimes when investigating fatigue delamination.
Several factors, such as environmental effects, come into play
when actual in-service conditions are considered. These can lead
to signiﬁcant discrepancies in the fatigue damage accumulation
with respect to idealised constant temperature/moisture testing.
It is therefore important to fully characterise the material in repre-
sentative environmental conditions, to gather sufﬁcient conﬁdence
for the damage-tolerance design of primary composite structures.
Several examples of high performance laminated composites
can be found in aeronautical applications, where delamination
growth from impact is of major concern and a damage tolerance
design methodology is commonly adopted. Since temperature
inﬂuences the material resistance to delamination, the thresholdvalues of the Energy Release Rate (ERR) for damage-tolerance
design are consequently affected. Therefore, the aim of this inves-
tigation is to characterise the mixed-mode Interlaminar Fracture
Toughness (IFT) and Fatigue Delamination Growth Rate (FDGR) of
unidirectional (UD) IM7/8552 at a temperature range that is repre-
sentative of in-service conditions for composites in aeronautics.
Previous studies showed that temperature can inﬂuence the
delamination response of ﬁbre-reinforced materials under static
[1–8] and fatigue loading [9–11]. This is true for both
polymer-based and hybrid composites [12]. The cryogenic
response of alumina and glass ﬁbre composites under fatigue has
been also investigated in the literature [13–17]. Even though a
great effort has been made in the past to characterise the effect
of temperature on the delamination resistance of FRPs, no general
consensus has been reached yet regarding the nature of such effect.
Moreover, limited delamination characterisation data are available
for carbon/epoxy composites under quasi-static [1,6] and fatigue
loading [9–11] at variable temperature. Only few studies addressed
the inﬂuence of temperature on mixed-mode delamination [1,11].
Asp [1] reported an increase of interlaminar fracture toughness
with temperature for a carbon/toughened-epoxy composite, for
both mode I and mode II delamination. On the other hand, the
inﬂuence of temperature on IFT was impossible to discern in a
50% mode II delamination regime, as the ERRs obtained depend
on the post-processing method applied [1]. Later, Sjögren et al.
[11], re-examined the interlaminar fracture toughness results
obtained at Room-Temperature (RT) [18] and 100 C [1] and they
concluded that the IFT for a 50% mode II regime at 100 C was
Fig. 1. Schematic diagram of the University of Bristol Asymmetric Cut Ply (ACP)
specimen [21]. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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[9] investigated the mode I IFT and FDGR of a carbon/epoxy mate-
rial (IM7/977-3) at elevated temperatures (i.e. up to the matrix
glass transition temperature of 150 C). They showed that, while
the initiation interlaminar fracture toughness slightly increased,
the delamination propagation IFT was signiﬁcantly enhanced when
temperature was raised, due to more pronounced ﬁbre bridging.
An increasing trend of the propagation interlaminar fracture
toughness with temperature was also observed by Coronado
et al. [10] in an investigation on mode I initiation and propagation
under static and fatigue loading for AS4/3501-6. On the other hand,
a study on mode I interlaminar fracture toughness of T800/3631 at
cryogenic temperatures (77 K) [6] showed a reduction of the inter-
laminar fracture toughness, which was attributed to matrix
embrittlement.
Previous investigations on epoxy-bonded composite joints also
proved that temperature can affect the fracture mechanism of the
adhesive [19], with the failure pattern changing from being pre-
dominately at the ﬁbre boundaries to cohesive failure within the
adhesive at elevated temperatures, i.e. for tests performed at
90 C compared to 50 C. According to the authors [19], the
change in the failure locus can be attributed to the difference in
the mechanical behaviour between the matrix of the composite
material and the adhesive, but also due to the difference in the
glass transition temperature of the composite matrix (200 C)
and the adhesive (130 C). As the testing temperature approaches
the glass transition temperature of the adhesive, the mechanical
properties of the adhesive start to degrade and the crack propa-
gates in the region where the material resistance to crack propaga-
tion is lower, i.e. within the adhesive. Comparing the mode II
delamination response of relatively brittle and a tough resin sys-
tems [20] showed that an increased ductility can have an adverse
effect on delamination resistance. More in detail, the brittle matrix
behaved better under static loading, leading to higher interlaminar
fracture toughness. On the other hand, the tougher matrix system
behaved better in fatigue, exhibiting larger propagation threshold
values. An equally important point [20] is that the fatigue delami-
nation initiation values depend on the actual conditions of the
crack front, e.g. the presence of a resin rich area at the crack tip
when the crack is grown directly from the insert ﬁlm, leading to
a high degree of variability in the results. It can be therefore con-
cluded that the delamination onset behaviour is strongly depen-
dent on the loading condition and the actual conﬁguration of the
interlaminar crack tip.
One of the main reasons for the lack of interlaminar toughness
data at different temperatures is the difﬁculty in carrying out
‘‘in-situ’’ measurement of the delamination length. A novel
methodology for the generation of delamination onset and propa-
gation data under quasi-static and fatigue loading has been previ-
ously introduced [21]. This is based on using Asymmetric Cut Ply
(ACP) specimens, whereby ERR values can be determined solely
from the load–displacement data [21], so that no visual monitoring
of the delamination front is required.
1.2. Paper overview
This paper focuses on the characterisation of the temperature
effects on the mixed-mode interlaminar fracture toughness and
fatigue delamination growth for a widely employed carbon/
toughened-epoxy material, namely Hexcel’s IM7/8552. All tests
were performed using the ACP specimens [21] loaded in four point
bending and were repeated at 50 C, 20 C (room temperature),
50 C and 80 C under both quasi-static and fatigue loading. This
temperature range was selected since it is representative of
operating temperatures experienced by composite materials in
aeronautical applications. A summary of the testing procedure ispresented in Section 2, with the experimental results presented
in Section 3. These are complemented by a fractographic study car-
ried out using Scanning Electron Microscopy (SEM), in an attempt
to correlate the macroscopic observations of the delamination
behaviour at different temperatures with the micro-mechanisms
of interlaminar fracture. A semi-empirical model describing the
effect of temperature on the fatigue delamination growth rate is
presented in Section 4 and the main conclusions of this study are
presented in Section 5.2. Experimental tests
2.1. Specimen preparation
The ACP specimens [21] consist of two ply-stacks of UD plies,
one of continuous plies and one of ‘‘cut-plies’’. In the latter, the
0 plies are cut mid-length, perpendicular to ﬁbre direction, as
illustrated in Fig. 1. For this study a conﬁguration comprising 5
cut-plies and 5 continuous plies of Hexcel IM7/8552 was chosen.
A Teﬂon ﬁlm 20 mm wide and 12.7 lm thick was inserted to act
as a crack initiator between the two ply-stacks at the centre of the
specimen (Fig. 1). The fabrication process of the ACP specimens is
described in detail in Ref. [21] and the nominal dimensions of the
ACP coupons used for this research study are shown in Fig. 1.2.2. Experimental procedure
A customised four point bending jig was manufactured to allow
the experiments to be performed in an environmental chamber,
which maintained controlled isothermal conditions during testing.
Thermocouples were installed at critical positions of the testing
apparatus to monitor the temperature throughout the test. The
environmental chamber was properly insulated, as the testing
temperatures were beyond the operating conditions of the load cell
and the machine hydraulics. The top and bottom parts of the load-
ing jig were respectively connected to the machine load cell and
actuator, through thermally sealed openings in the environmental
chamber. Prior to each test, a stabilisation period of 40 min was
required for the specimen to reach thermal equilibrium. Both
quasi-static and fatigue tests were repeated at 50 C, 20 C,
50 C and 80 C. The results from 20 C (RT) are introduced in an
earlier paper [21] and are also presented here for comparison
purposes.
For the low temperature testing at 50 C a carbon-dioxide skid
comprising of 15 cylinders of liquid CO2 gas was attached to the
environmental chamber through a decanting hose. The CO2 could
provide enough gas for the full run of one million cycles at a fre-
quency of 5 Hz including the stabilisation period at the beginning
of each test (a total of approximately 57 h per fatigue test). At
50 C, a layer of ice tended to form on the surface of the grooved
rollers, eliminating the grip necessary to keep the specimen in
PTFE film Fatigue delamination 
cm 
Fatigue delamination 
Fig. 2. The fatigue delamination crack length in APC specimens after the comple-
tion of 1  106 cycles at 50 C. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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applied on the rollers and the end-tab region of the specimen,
inhibiting the formation of ice in the affected area. The
de-/anti-icing ﬂuid used, Kilfrost TDIce Concentrate, was kindly
provided by Kilfrost Limited and once applied, it remained effective
for the whole duration of the fatigue tests.
A displacement-control regime was employed for both
quasi-static and fatigue loading and 1 kN load cell was used for
all tests. For the quasi-static test case, a constant cross-head dis-
placement rate of 1 mm/min was applied, up to a maximum rela-
tive cross-head displacement of 10 mm. The specimen was then
unloaded. For the fatigue tests, a displacement ramp was applied
in the beginning of the test until the average position value was
reached, after which a sinusoidal displacement was enforced. In
these tests the displacement amplitude remained constant
throughout the duration of the experiment. Regardless of the expo-
sure temperature, all cyclic tests started at the same average dis-
placement value corresponding to 70% of PC, where PC is the
quasi-static delamination initiation load obtained at room temper-
ature. A stress ratio (R) of 0.1 was imposed and the tests were inter-
rupted upon completion of 106 cycles at a frequency of 5 Hz. Load
and displacement data were recorded every 5 cycles. The ‘‘raw
data’’ were later processed following the moving-polynomial data
reduction scheme described in ASTM E647 [22]. Upon the comple-
tion of each test, the delaminated arms were manually separated
and kept in a desiccator to avoid any moisture contamination.
The fracture surfaces were then observed using SEM.
2.3. Post-processing of experimental data
The ﬁnal conﬁguration of the ACP specimens is illustrated in
Fig. 1. At the gauge section, the total length and thickness of the
specimen (t) was 90 mm and 1.25 mm respectively. The insert ﬁlm
had a length of 20 mm simulating an initial crack of length a in
each side of the surface cut (the total length of the insert ﬁlm
was 2a). The ratio of the cut-plies to the total number of plies is
denoted as v. For this study a v ratio of 0.5 was chosen, resulting
to a mode mixity of 0.43. The latter is the ratio of mode II ERR over
the total ERR. The length of the end-tabs was 50 mm. The roller
diameter was 10 mm and the distance between the loading and
support rollers in the end-tabs region, was 25 mm.
According to Ref. [21], the mode I and mode II ERR can be calcu-
lated from Eqs. (1) and (2) respectively. The applied bending
moment is denoted as M, E is the Young Modulus of the material
in the ﬁbre direction, I is the second moment of area at the gauge
section and w is a scaling factor given by w = v3/(1  v)3. The
bending moment M is calculated using the effective bending
moment arm, which is corrected for large rotations as detailed in
[21]. The effect of the roller friction on the bending moment calcu-
lations was also accounted for [21].
GI ¼ M
2w2
2EIBv3ð1þ wÞ ð1Þ
GII ¼ M
2
2EIB
w
v3ð1þ wÞ  1
 
ð2Þ
The total ERR (G) is given from the sum of GI and GII and can be
determined from:
G ¼ M
2
2EIB
1
ð1 vÞ3
 1
" #
ð3Þ
The mode mixity can be therefore calculated from Eq. (4).
u ¼ GII
G
¼ 3ð1 vÞ
4
ð1 3vþ 3v2Þð3 3vþ v2Þ ð4ÞAs mentioned earlier, for the 5 continuous – 5 cut plies conﬁg-
uration considered here, the mode-mixity value is 0.43. As the fati-
gue tests were displacement controlled, a decreasing force was
required to maintain constant displacement amplitude upon
delamination growth. The load readings recorded during the test
were therefore used to determine the peak bending moment M
for the maximum applied cross-head displacement c. In principle
the ERR and FDGR can be obtained for any load value following
delamination propagation. However the load readings correspond-
ing to peak displacement values were chosen to minimise the
non-linearity errors associated with the load-cell readings at very
small loads. The FDGR equation [21] is given below:
da
dN
¼ 1
k
EBt3b
12M2
dMðaÞ
dN
ð5Þ
From Eq. (5) it can be observed that the FDGR depends only on
the variation of the bending moment M with the number of cycles
Nwhile all other parameters are constants (b is the rigid body rota-
tion angle at the end tabs and k is a constant that depends on v
[21]). Therefore, using ACP specimens the FDGR can be calculated
without the need to monitor the delamination length during fati-
gue testing. Fig. 2, can be used to provide a comparison between
the experimentally obtained delamination length of a fatigue
tested specimen at 50 C after the completion of 1  106 cycles
and the analytical calculation in Eq. (20) of Ref. [21]. For a bending
moment of 319.25 Nmm, calculated using Eq. (12) in Ref. [21] and
the load cell readings at the end of the test, the delaminated length
at each side of the PTFE ﬁlm was determined to be 13.87 mm. This
result can be veriﬁed by Fig. 2, where the corresponding experi-
mental delamination length is approximately 14 mm. As men-
tioned before, the data reduction scheme adopted here is based
on the ASTM E647 [22]. This standard was initially developed for
metals, but it was successfully employed in other studies address-
ing fatigue delamination propagation in composites [21,23].
3. Experimental results
3.1. Quasi-static tests
The propagation interlaminar fracture toughness (GC) results
from different specimens and temperature conditions are collected
in Table 1. The RT data are those obtained in a previous paper [21],
where it was also demonstrated that the difference in IFT between
Pre-Cracked (PC) and Non Pre-Cracked (NPC) specimens is negligi-
ble at 43%mode II conditions for IM7/8552. Here, all temperature
controlled tests were conducted on the NPC conﬁguration, i.e.
growing the delamination directly from the insert ﬁlm. This section
presents a comparison between the propagation IFT obtained at
different temperatures.
For a better understanding of the interlaminar delamination
behaviour of IM7/8552 at different temperatures, the bending
moment per unit width is plotted against the cross-head
Table 1
Propagation fracture toughness results collected from quasi-static testing.
50 C
(NPC)
20 C
(NPC)
20 C
(PC)
50 C
(NPC)
80 C
(NPC)
GC (kJ/m2)
SmoothA
0.32 (3)a 0.36 (3)a
(0.01)b (0.03)b
GC (kJ/m2)
GroovedA
0.41 (3)a 0.38 (3)a 0.39 (3)a 0.39 (3)a 0.53 (3)a
(0.06)b (0.03)b (0.02)b (0.04)b (0.05)b
a Number of specimens tested.
b Standard deviation of the fracture toughness.
A Refers to roller conﬁguration.
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78 G. Charalambous et al. / Composites: Part A 77 (2015) 75–86displacement (c) for all specimens in Figs. 3–5. The graphs com-
prise an initial region, where an almost linear relation occurred
between the bending moment and the cross-head displacement.
The initial region is referred to as the elastic region, where no
delamination takes place. Following delamination initiation, the
bending moment reached a plateau, where the specimen became
progressively more compliant. As these tests were displacement
controlled, after delamination onset the average applied loading
remained almost constant. From these graphs it was also veriﬁed
that the elastic modulus did not change in the temperature range
considered. This is expected, as under bending the stiffness of the
UD composite is dominated by that of the carbon ﬁbres, which
are insensitive to a temperature change in the 50 C to 80 C
range.
At 50 C it was observed that the average bending moment
required to cause delamination propagation did not vary signiﬁ-
cantly from the corresponding RT value. Due to the addition of
the de-icing liquid, the friction coefﬁcient at 50 C changed and
the new value of the friction coefﬁcient had to be estimated for
the bending moment calculations. During testing at 50 C, the
gas injection occurred in regular intervals to maintain a constant
temperature during testing, slightly affecting the load cell readings.
Evidence of the inﬂuence of the CO2 gas ﬂow on load cell readings
can be observed in Fig. 3, where minor variations in bending
moment occur even at the elastic region of the graph.
Particular features of the curves at low temperatures (Fig. 3) are
the large bending moment drops following delamination onset.
These were attributed to the enhanced stick–slip behaviour during
low temperature testing. Generally, the stick–slip behaviour is
observed when alternating fast and slow delamination growth
occurs within the fracture plane [19] and was also observed in
the characterisation of the adhesive bonds in composites [24–26].
During the fast propagation region, the delamination is unstable0
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Fig. 3. Bending moment per unit width (M/B) for all specimens tested at RT and
50 C. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)and it occurs because the speed of the propagating crack is higher
than the speed of the imposed load/displacement of the machine
[19]. As the temperature decreases thematrix becomesmore brittle
promoting the stick–slip behaviour [27,28]. Slip/stick behaviour
was also observed by other authors [29], during interlaminar
delamination characterisation tests.
The regions of fast propagation should be located within the
matrix (cohesive failure), as the interface bond was strong at low
and RT conditions. Upon stress redistribution, the crack could
propagate in the ﬁbre boundaries, decreasing the speed of delam-
ination propagation. Evidence of the strong bond between the
ﬁbres and the matrix at low and RT conditions under quasi-static
loading, was found from the SEM images (Fig. 9), where a signiﬁ-
cant amount of matrix was still attached on the ﬁbres. Also ﬁbre
breakage appeared to occur while the ﬁbres were still attached
to the surrounding matrix.
At 20 C and 50 C the interlaminar delamination response of
the material was very similar. From Fig. 4 it can be observed that
the curves became smoother in comparison to the 50 C test case.
Stick–slip behaviour still occurred at 50 C but the delamination
propagation was similar to that at RT. In Fig. 4 it is possible to
observe that one of the tests performed at 50 C was characterised
by a relatively large initiation bending moment. This could be due
to either crack blunting or the presence of an irregular delamina-
tion front, as the bending moment soon dropped to propagation
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Fig. 6. Double logarithmic plot of FDGR (da/dN) vs normalised ERR for all
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G. Charalambous et al. / Composites: Part A 77 (2015) 75–86 79values similar to those of the other tests at the same testing
conditions.
At 80 C (Fig. 5) the interlaminar delamination behaviour was
signiﬁcantly different from that at RT. Although the delamination
onset at 80 C occurred almost at the same level of bending
moment as the specimens at RT, the coupons at 80 C sustained
an increasing load after delamination initiation. This phenomenon
can be related to the effect of enhanced ﬁbre bridging at elevated
temperatures and the increased ductility of the matrix material
as temperature increases, or indeed a combination of these two
mechanisms. In previous studies of graphite/epoxy composites
under mode I delamination [9,10], it was observed that increased
temperature promoted an increase in mode I ERR with crack
length. This was attributed to the enhanced ﬁbre bridging that
occurred due to the degradation in ﬁbre/matrix interfacial proper-
ties and the decrease in the matrix yield strength at elevated tem-
peratures. However, observations of the morphology of the
fractured surfaces lead to the conclusion that under quasi-static
loading of the ACP specimens the delamination occurred mainly
in the matrix (cohesive failure). For the tests at 80 C the matrix
deformation was considerably more prominent compared to other
temperatures, which is a clear evidence of increased matrix ductil-
ity. Higher ductility implies that more energy is required to accom-
modate the increased matrix deformation during delamination
growth. Therefore under quasi-static loading, the effect of a
decreased interfacial strength on interlaminar resistance is present
but not as prevalent as the effect of matrix ductility. In ACP cou-
pons, if the delamination growth rate reaches or exceeds the
imposed rate of the crosshead displacement, the bending moment
required remains constant or drops accordingly.
In Ref. [21], it was shown that for the testing set-up used, the
delamination in the ACP specimens is stable until a cross-head dis-
placement of 10 mm is reached. Therefore in order to obtain a rep-
resentative ERR value of the interlaminar resistance to
delamination, an average IFT was calculated from the point of
delamination initiation to 10 mm cross-head displacement. The
actual geometry of each specimen (thickness and width) was also
taken into consideration to mitigate any geometry related errors
in measuring a material property.
The IFT values calculated in the range of 50 C to 50 C were
very similar. They all fall within a standard deviation from their
respective averages. Therefore the effect of temperature on the
IFT in the 50 C to 50 C range is negligible. On the other hand,
at 80 C the propagation IFT was signiﬁcantly higher than the
one obtained at room temperature. In particular, the average IFT
at 80 C was found to be 39% higher in respect to RT. It should be
also noted that the variation of the IFT with the crack length
appeared to have a subtle R-curve dependency, which suggests
that temperature promoted ﬁbre-bridging. However, the R-curve
effect is very small and the propagation ERR values can be deter-
mined by taking an average for the whole stable delamination
region.
The higher IFT at elevated temperatures can be explained by
considering the increased ductility of the resin material at higher
temperatures. As the epoxy matrix used in IM7/8552 is a second
generation epoxy, the well-blended toughening phase [30] can
lead to higher matrix ductility with increasing temperature. The
8552 matrix is toughened by polyethersulfone (PES). This is
expected to exhibit temperature-dependent viscoelastoplastic
behaviour. Therefore, with increasing temperatures, the toughen-
ing phase can exhibit a more pronounced ductility, thus explaining
the higher IFT required to grow an interface at 80 C. At elevated
temperatures the enhanced ductility is accompanied by a reduc-
tion in the yield strength of the matrix [19]. Therefore the material
undergoes more plastic deformation for the same crack open-
ing/sliding displacements, consequently leading to higher IFTvalues. On the other hand, at lower temperatures the yield strength
tends to increase, so that predominantly elastic deformation and
brittle failure of the matrix occur.
The results from this study, in terms of the effect of temperature
on delamination fracture toughness of UD IM7/8552 are therefore
consistent with literature [1,11]. However it was observed that
under mixed-mode conditions, the temperature inﬂuence on IFT
might be lower than that observed for mode I [1,9,10] for similar
materials, as the ﬁbre bridging is not so prevalent (Figs. 3–5).
The delamination response at 80 C appeared to be slightly affected
by ﬁbre-bridging compared to RT, thus revealing a trend similar to
that reported in the literature [11].3.2. Fatigue results
Fatigue data collected from repeated tests at similar conditions
were combined to create double logarithmic plots of the FDGR
against the maximum ERR as the delamination progresses. In
Fig. 6 the peak ERR is normalised with the IFT at the corresponding
temperature in order to factor out the IFT variation. For a better
visualisation of the inﬂuence of temperature on FDGR, the data sets
for each temperature are plotted together in a single graph. In gen-
eral, all FDGR versus normalised ERR data formed fairly straight
lines, enabling the use of a power law to describe the FDGR with
respect to the normalised ERR. In Fig. 6 the power law trend lines
for each temperature were labelled as ‘‘Power’’.
A general trend can be observed in terms of the variation of the
FDGR with the normalised ERRs. At the start of the test the FDGR is
at its maximum value. As the delamination progresses, the FDGR
decreases, i.e. the delamination slows down, with the minimum
recorded delamination growth rate occurring at the run-out (106
cycles). This is expected, as at the beginning of the test the load
severity is at maximum and hence the applied bending moment
is the largest, causing fast propagation of the delamination. With
further delamination propagation the specimen becomes more
compliant and the bending moment required to cause delamina-
tion growth will reduce. Also, as the delamination propagates, sev-
eral micro-mechanisms such as ﬁbre bridging, can increase the
interlaminar resistance to delamination growth.
From Fig. 6, it can be observed that a drop in temperature to
50 C has a signiﬁcant effect on FDGR. For the same normalised
80 G. Charalambous et al. / Composites: Part A 77 (2015) 75–86ERR, the delamination propagation is much slower than at temper-
atures above zero. At sub-zero temperatures, the carbon ﬁbres
slightly expand or can be considered to maintain a constant radial
dimension, as a result of a very small yet negative expansion coef-
ﬁcient. At the same time the matrix shrinks in a much more promi-
nent fashion. This phenomenon will lead to an increase of the
interfacial friction and can be seen as a form of ‘‘mechanical inter-
locking’’ between the ﬁbres and the matrix, leading to a stronger
interfacial bond [28]. As the bond is stronger, more energy will
be required to break it, leading to a considerable reduction of the
FDGR. SEM images can provide further insight on to the nature of
this failure mechanism.
Another important feature of the graph at 50 C is the
increased slope of the ERR-FDGR curve that leads to a higher
Paris law exponent. High exponents in fatigue testing can cause
major problems in a damage tolerance design, as inaccuracies in
the calculation of the stresses can cause large discrepancies in
the prediction of delamination propagation [31].
At 50 C the FDGR data for IM7/8552 are very similar to the ones
obtained at room temperature. The slopes of the corresponding
data appear to be comparable, yet not exactly equal for the two
temperature conditions. A minor increase in the rate of delamina-
tion propagation is observed as the temperature increases. This is
illustrated by a slight shift of the data in the vertical axis. Overall
the material FDGRs have a consistently increasing trend with tem-
perature as it is veriﬁed by the results at 80 C.
Indeed, observing the data in Fig. 6, it can be seen that the
delamination propagates even more rapidly at 80 C. In the same
ﬁgure, the slope of the FDGR data at 80 C appears to be the lowest
among all temperatures considered. This can be related to the duc-
tility in the matrix. Earlier references in literature [32] related the
increase in the ductility of the matrix with the reduction of the
slope of a double logarithmic plot of FDGR vs peak ERR (Gmax). In
Fig. 7 it can be observed that the slope of the power law is lower
at 80 C than that at room temperature conditions, indicating
higher ductility. This reduction in the slope value is shifting the
data towards higher FDGR values as the tests were started at the
same Gmax value.
Comparing the delamination data at 50 C and at 80 C in
Fig. 6 it can be observed that the FDGR values at the end of the tests
are on average 3  107 mm/cycle and 5  106 mm/cycle respec-
tively. Therefore at the near threshold regime the delamination
will travel an order of magnitude faster when exposed to 80 C
temperature compared to the 50 C case. Moreover, at 80 C the1.00E-07
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Fig. 7. Double logarithmic plot of FDGR vs maximum ERR at 80 C and RT
conditions. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)Gmax/GC value required to cause delamination propagation is lower
when compared to the other temperatures considered. Even if all
tests started at the same bending moment value and therefore at
the same maximum ERR, i.e. at approximately Gmax = 0.23 N/mm,
the delamination began to propagate at about 60% Gmax/GC at room
temperature, as opposed to the 80 C case, for which the corre-
sponding threshold value is 40% Gmax/GC. The above observation
highlights the vulnerability of the composite material in delamina-
tion at elevated temperatures under fatigue loading.
A controversial point is then raised: why is the delamination
travelling faster at elevated temperatures when the ductility of
the matrix is higher? The answer can lie within the difference in
the loading conditions and the resulting fracture micro-
mechanisms. Even if matrix toughness considerably affects the
quasi-static critical ERR, its inﬂuence in High Cycle Fatigue (HCF)
is usually moderate [32,33]. In the near threshold regime, the
ERRs are very low compared to the IFT of thematerial and therefore
the difference in matrix toughness is not expected to have a strong
inﬂuence on delamination growth. It should be also noted that at
elevated temperatures the yield strength of the matrix material
usually decreases, promoting plastic deformation within the resin
at each fatigue cycle and therefore increasing the probability of
crack formation and delamination propagation [9].
The experimental investigation of a combination of loading pro-
ﬁles and environments can be cost and time demanding, and there-
fore it is vital to develop robust models to describe delamination
growth using the least amount of parameters possible. An attempt
to model the fatigue delamination behaviour of the carbon-epoxy
composite at variable temperatures has been made in Section 4,
based on the experimental observations described here.
3.3. Fractography
3.3.1. Fracture surfaces exposed to quasi-static loading
Looking at the morphology of the fracture surfaces in specimens
that failed under quasi-static loading, it was observed that a large
amount of matrix material was still attached to the ﬁbres (Fig. 9).
This is an indication of a strong bond between the ﬁbres and the
surrounding matrix and suggests a prevalent cohesive failure in
the matrix. On the other hand, some bare ﬁbres were also present
on the fractured planes of these specimens. In general the fracture
morphology of the quasi-statically failed specimens was rough,
with several features including shear cusps, ﬁbre failure as well
as matrix cleavage. The shear cusps were not fully developed and
they appeared to be thin and ﬂat, with a very small inclination
angle. With an increase in temperature, the deformation of the
matrix material appeared to increase (higher ductility) leading to
an even rougher morphology with evidence of matrix shearing,
as shown in Fig. 10b.
In Fig. 9b, one can observe that the matrix of the statically failed
specimen at 80 C is covering larger areas of the ﬁbres, with the
shear cusps appearing larger and less distinct than at RT. This
can be attributed to the increased ductility of the matrix. The frac-
ture surface at 50 C (Fig. 9c) was very similar to the one at RT.
Nonetheless, the appearance of loose matrix granules at low tem-
perature in Fig. 10c was previously related to the brittleness of the
matrix [10]. Indications of ﬁbre breakage and ﬁbre bridging were
also evident at 50 C. Moreover, the surface was rough, with
shear cusps dominating the delaminated surface. Evidence of the
presence of matrix still attached on the reinforcement can be
observed in Figs. 10c and 9c indicating a cohesive dominated static
failure and explaining the modest effect of increased ﬁbre/matrix
interfacial strength under 50 C quasi-static loading.
During testing, the delamination grows along the path where
the resistance of the material is at its minimum. In UD composites,
this can be at the interply resin rich region or at the ﬁbre
Fig. 8. Fracture surfaces of the specimens tested under (a) static and (b) fatigue loading.
Fig. 9. Static failure at (a) RT, (b) 80 C and (c) 50 C (2 k magniﬁcation).
Fig. 10. Statically fractured surfaces at (a) RT, (b) 80 C and (c)50 C static at 800
magniﬁcations.
G. Charalambous et al. / Composites: Part A 77 (2015) 75–86 81boundaries (interfacial failure). Carbon ﬁbre fracture is not usual
under bending, unless ﬁbre bridging occurs. The crack path there-
fore can be tortuous, consisting of a sequence of failures within the
matrix and at the interfaces. As the delamination propagates, the
redistribution of the stresses at the crack tip can cause a change
of the main interlaminar crack direction. This depends predomi-
nately on the strength of the interfacial bond, as well as the
strength of the matrix. Under pure mode II conditions, Sjögren
et al. [11], observed that the fracture mode at 100 C changed
between static and fatigue loading. While in fatigue the failureoccurs at the interface [35,36], under quasi-static loading it was
jumping in between the upper and lower boundary of the
resin-rich interply region.
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In general, the morphologies of the fractured surfaces under
static and fatigue loading are very similar, as can be observed in
Fig. 8. Nonetheless, some subtle differences exist. The surface of
the fatigue-failed specimens appears to be ﬂatter and smoother,
with more debris due to the fretting effect of the delaminated
arms. Also a small amount of matrix rollers [34,37] appear under
fatigue loading. To make the interpretation easier, the tested sam-
ples were separated at the delamination plane, and under the
microscope one surface appear to be ﬁbre ‘‘rich’’ (compression
side) and the other one ﬁbre-track ‘‘rich’’ (tension side) [29].
These are presented for comparison in Fig. 11. Striations withinFig. 11. Fractured specimens under fatigue loading at: (a) RT (ﬁbre track surface), (b) RT
surface) and (f) 50 C (ﬁbre surface).the ﬁbre imprints were not observed in these samples under cyclic
loading, but that might be due to the capability of the SEM equip-
ment used. It is worth remarking that the appearance of striations
is heavily inﬂuenced by temperature [11,34].
Under fatigue loading at room temperature, the failure seems to
occur mainly at the ﬁbre/matrix interface, as there is a strong indi-
cation of bare ﬁbres. There are only very small regions where resid-
ual matrix material is still attached to the reinforcement. It can be
also observed that the ﬁbre tracks in Fig. 11a are not as clear as in
fatigue tested specimens at elevated temperature (Fig. 11c). This
observation is supported by the appearance of ﬁbre de-bonds, pro-
ducing loose ﬁbres on the fractured surface (Fig. 11d). All these are(ﬁbre surface), (c) 80 C (ﬁbre track surface), (d) 80 C (ﬁbre surface), (e) 50 C (ﬁbre
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temperatures. Hence it can be concluded that under fatigue loading
at all temperatures, the delamination occurred predominantly at
the ﬁbre/matrix interface, with loose ﬁbres visible on the fracture
surface. The fastest delamination propagation under elevated tem-
perature conditions can be therefore related to theweakening of the
ﬁbre/matrix bond. At RT, when the bond is stronger (some evidence
of matrix material still attached on the ﬁbres), the resistance to
delamination is enhanced compared to high temperatures. It should
be also noted that, at 80 C, the shear deformation of the matrix is
more apparent than at RT conditions. This is a clear indication of
higher matrix ductility at elevated temperatures. However, the
effect of the weak interfacial bond is the prevailing mechanism,
causing the fatigue delamination to grow faster at the ﬁbre bound-
aries. Comparing images (a) and (c) in Fig. 11 it is observed that at
elevated temperatures the cusps have become less distinct, which
is indeed an indication of higher matrix ductility [34].
For the whole temperature range between 50 C and 50 C
under fatigue loading regimes, the morphology of the fractured
surfaces is similar to that already reported for the room tempera-
ture case. Comparing Fig. 11(e) and (f), the ﬁbres appear to be clean
from matrix material. This conﬁrms the assumption that under
fatigue loading the fracture mainly occurs at the ﬁbre boundaries
[34]. As explained earlier, at 50 C the epoxy resin shrinks while
the ﬁbres remain relatively unaffected. This can increase the inter-
facial friction between the ﬁbres and the surrounding matrix [28],
resisting the delamination growth and resulting to lower FDGRs
compared to the ones obtained at RT for the same ERR value.
Due to the prevalent interfacial failure under fatigue loading, the
effect of the ﬁbre/matrix interface exposure to sub-zero tempera-
tures can be signiﬁcant. On the other hand, if substantial compres-
sive residual stress builds up in the ﬁbre–matrix interface,
microcracks can be formed at the surrounding matrix being also
promoted by the low temperature embrittlement. These microc-
racks may converge towards the crack tip of the main delamination
leading to a reduction in the interlaminar strength. Thermal resid-
ual stresses can also occur in the laminate due to the temperature
difference from curing to test resulting to further reduction in
delamination resistance. However in this study of UD
carbon-epoxy laminate, no adverse effect on interlaminar strength
was observed from the exposure to 50 C.
The presence of shear cusps, which are clearly formed at the
inter-ﬁbre spacing, indicates the presence of a mode II component.
The formation of shear cusps is also another toughening mecha-
nism and their presence suggest that the ﬁbre/matrix bond is
strong enough to transfer the stress to the surrounding matrix.
On the other hand, the ERR required to cause delamination at the
ﬁbre boundaries can be generally lower than the ERR required to
cause cohesive fracture, leading to a dominant interfacial delami-
nation growth.
Fig. 13 provides a direct fractographic comparison between sta-
tic and fatigue loading at 50 C. As previously stated, for theFig. 12. Fracture surface of fatigue loaded specimen at 50 C at higher
magniﬁcations.quasi-static loading, a dominant cohesive brittle failure was evi-
denced from the signiﬁcant amount of matrix material still
attached on the ﬁbres (strong interfacial bond). Under conditions
of predominantly cohesive failure, the ductility of the matrix can
play a signiﬁcant part in the resistance to delamination. On the
other hand, Fig. 13b shows evidence of a governing interface fail-
ure. Matrix brittle failure occurs under both quasi-static and fati-
gue loading (Fig. 13). For the latter case, the presence of river
lines [34] as well as the rudimentary shear cusps can be appreci-
ated. The presence of loose matrix material is also signiﬁcant for
the specimens tested at 50 C (Fig. 12).
The dependency of the FDGR on temperature with respect to
the normalised ERR is shown in Fig. 6. For the same normalised
ERR value, as the temperature increases, the delamination propa-
gates faster, while, as the temperature decreases, the delamination
grows slower. Previous studies in the literature have shown that
the interfacial bond between the ﬁbres and the matrix deteriorates
for long exposure times at elevated temperatures. Wolfrum et al.
[38] showed that the laminate exposure to temperatures between
180–200 C resulted in an Interlaminar Shear Strength (ILSS)
reduction of 20% for the highest temperature in the ﬁrst 10 days.
Further ILSS reductions were observed for longer exposure times.
Even if the temperatures considered in Ref. [38] are much higher
(close to the glass transition temperature) than those discussed
here, a decreasing trend of the interfacial strength with tempera-
ture is still identiﬁable from the fractographic evidence.
Therefore, as the interfacial bond strength decreases at elevated
temperatures, the delamination grows faster when the tempera-
ture increases.
4. Semi-empirical model
From Fig. 6, it can be observed that a power function could be
used to approximate the average FDGR as a function of the nor-
malised ERR value for each individual temperature. However, the
coefﬁcient (pre-factor) and the exponent of these ﬁts depend on
temperature, as shown in Table 2. In order to directly implement
the effect of temperature on the FDGR calculations, a novel
semi-empirical model is introduced. This Eq. (6) is based on a mod-
iﬁcation of the well-known Paris law:
da
dN
¼ C Gmax
GC
 bðTÞ
ð6Þ
where the exponent b(T) is expressed as:
bðTÞ ¼ b0 TT0
 c
ð7Þ
In Eq. (7), b0 and c are material constants and T0 is a reference
temperature. It should be noted that the temperature units used
are Kelvin to avoid negative signs in the equation when consider-
ing sub-zero temperatures in the Celsius scale. The
semi-empirical model requires the introduction of ﬁve
fatigue-related parameters for the calculation of the FDGR, namely:
C, GC, c, T0, and b0. Eq. (6) can be reformed and expressed in a sim-
pliﬁed logarithmic function to take the following linear form:
Y ¼ qþ b0x ð8Þ
where Y ¼ log dadN
 
and x ¼ TT0
 	c
log GmaxGC
 	
.
By plotting x against y, b0 can be found from the slope of the
graph. In the case where the testing temperature is equal to the
reference temperature (T = T0), b(T) becomes equal to b0. The value
of C can be calculated from C ¼ 10q. For any other temperature T, b0
remains constant and c can be adjusted for the x–y curve to pro-
vide the best ﬁt using only two fatigue tests. The GC value used
Fig. 13. Comparing static and fatigue failure at 50 C. Where (a) is a quasi-statically damaged region and (b) is a fatigue damaged region.
Table 2
Best-ﬁt parameters obtained from the experimental tests and the corresponding parameters obtained using the proposed semi-empirical FDGR model.
T = 50 C T = 20 C T = 50 C T = 80 C
Experimental Constant (C) 10.65 0.04 0.03 0.02
Exponent (m) 17.4 7.4 5.7 3.8
Semi-empirical model Constant (C) 48.97 0.04 0.03 0.02
Exponent (m) 19.89 7.5 5.9 3.8
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semi-empirical equation presented here was also validated against
data from literature [11,12,15,39], Fig. 14 provides an example, as
well as the characterisation data collected in this study (Fig. 15).
The data from Fig. 14 [12] refer to fatigue delamination propaga-
tion from face sheet seams in a hybrid Titanium/Graphite laminate
loaded in tension at a mode II dominated fracture regime. For the
IM7/8552 material system considered here, the pre-factor C and
exponent m obtained using the semi-empirical model are pre-
sented in Table 2.
The proposed semi-empirical model shows a good correlation
with the experimental data, with the exception of the tests on
IM7/8552 at 50 C. The FDGR-ERR data of IM7/8552 at sub-zero
temperatures did not follow the same rotational trend as for the
other temperatures, forming a steeper slope than the one predicted
using Eq. (6). The reason for this material behaviour is not clear1.00E-07
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Fig. 14. Mode II FDGR versus peak ERR for a titanium/graphite hybrid cross-ply
laminate [12]. Experimental points and the model predictions are illustrated in the
same ﬁgure. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
T=80°C T=50°C T=20°C T=-50°C
80°C MODEL 50°C MODEL 20°C MODEL -50°C MODEL
Fig. 15. FDGR-normalised ERR data for 43% GII delamination conditions generated
using the ACP specimen conﬁguration for UD IM7/8552. The continuous lines in the
graph represent the predictions from the proposed semi-empirical model. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)however it might be related to the fracture micro-mechanisms tak-
ing place at sub-zero temperatures such as the enhanced resistance
to ﬁbre-bridging, which can result to an increased exponent of the
Paris law curve [29,40].
5. Conclusions
The ACP specimen conﬁguration was successfully employed for
the characterisation of mixed-mode delamination propagation in
both quasi-static and fatigue loading conditions at various temper-
atures. The main advantage of the proposed methodology is that it
does not require any direct visual monitoring of the delamination
G. Charalambous et al. / Composites: Part A 77 (2015) 75–86 85length, enabling the mixed-mode delamination tests to be per-
formed without any interruption or the necessity of exposing mon-
itoring equipment to harsh environments.
Quasi-static test results showed a major increase on the inter-
laminar fracture toughness at 80 C, in the order of 39% with
respect to room temperature conditions. On the other hand the
exposure to a temperature range of 50 C to 50 C yielded no sta-
tistically signiﬁcant variation in the fracture toughness of the
material. The enhanced interlaminar fracture toughness at 80 C
is mainly attributed to the increased ductility of the matrix at ele-
vated temperatures.
On the other hand under fatigue loading, the delaminations
grew consistently faster with an increase in temperature. For a
ﬁxed normalised energy release rate value, the delamination crack
could propagate two orders of magnitude faster at 80 C than at
room temperature. The trend with temperature was more pro-
nounced in the near threshold regime, a ﬁnding which is particu-
larly important for ‘‘no growth’’ design considerations. The
difference in the delamination response under quasi-static and
fatigue loading conditions was attributed to the conﬂicting
micro-mechanisms governing the delamination growth. The effect
of temperature on these micro-mechanisms can be also dependent
on the overall exposure time.
Scanning electron microscopy observations showed that under
quasi-static loading, a dominant cohesive matrix failure occurred
with strong evidence of matrix still attached to the ﬁbres. Under
fatigue loading, the ﬁbre/matrix interfacial delamination was more
prominent. The difference in the failure mechanism can be related
to the long exposure time under fatigue loading, leading to a degra-
dation of the interfacial bond. In this case, the increased matrix
ductility did not enhance the delamination resistance.
The data appear to closely follow a power law function, relating
the fatigue delamination growth rate with the normalised energy
release rate at all temperatures for a constant mode mixity of
0.43. However, the slope of the fatigue delamination growth rate
versus energy release rate curves at sub-zero temperatures was
particularly steep. This can induce signiﬁcant errors in the predic-
tion of the fatigue delamination growth rate, as small variations in
energy release rate values can cause large uncertainties in the fati-
gue delamination growth rate estimations. A semi-empirical equa-
tion was introduced for the prediction of the fatigue delamination
growth rate in ﬁbre reinforced plastics, which takes into account
the effect of temperature. The equation provides a good correlation
with the experimental values collected in this study, although a
poor estimation was obtained for IM7/8552 exposed to 50 C.
The sharp drop of the fatigue delamination growth rate at 50 C
fatigue tests (deviation from the model response) can be related
to the enhanced interlaminar resistance, as a result of a more effec-
tive ﬁbre bridging mechanism at sub-zero temperatures, triggered
by the increased interfacial strength at 50 C. The proposed
semi-empirical model was also validated with relevant data found
in literature [11–13].
It was demonstrated that the nature of the loading (i.e. static or
fatigue) can greatly affect the results and in this case even reverse
the general trend of the inﬂuence of temperature on the delamina-
tion toughness. This experimental investigation highlights the
importance of considering realistic environmental conditions
when characterising the mechanical behaviour of a composite
material that can be exposed to variable temperatures and mois-
ture contents during its operational life.
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